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GaN fins on GaN-on-sapphire templates are fabricated by continuous mode selective area 
metalorganic vapor phase epitaxy. The fins exhibit high aspect ratios and smooth nonpolar a-
plane sidewalls with an ultra-low threading dislocation density of a few 105 cm-2 making them 
ideally suited for optoelectronic to electronic applications. A detailed analysis of the inner 
structure of GaN fins is provided by the help of marker layer experiments and correlation of 
results from fins fabricated under different growth conditions, leading to the development of a 
growth model to explain the final geometry and optical as well as electrical properties of these 
high aspect ratio fins. Distinctly different material properties for the central and outer parts of 
the fins are detected. Whereas the outer sidewalls represent high quality GaN surfaces with 
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very low defect densities, a strong quenching of near band edge emission (NBE) in the central 
part of the fins is accompanied by heavy compensation of free electrons. A possible 
explanation is the incorporation of excessive point defects, like intrinsic defects or carbon 
impurity. The sidewall regions, however, prove to be highly suitable for device applications 
due to their strong NBE emission, low dislocation density and high free carrier concentration. 
 
1. Introduction 
Today, GaN based electronic and optoelectronic devices have already reached a mature 
development stage. However, as of now, GaN technology is still relying on foreign substrates, 
mostly sapphire1,2,3 and silicon4 but more recently also oxide materials such as LSAT5 or 
spinel and related compounds6. These foreign substrates generally lead to high threading 
dislocation densities in the range of 108 cm-2 in planar GaN thin films.7,8 Initially it has been 
very surprising that high efficiency light emitting diodes (LEDs) based on heterostructures 
can be realized under these conditions. Blue and green emitting LEDs have been proven to be 
very insensitive to defect densities, which has been explained by localisation mechanisms in 
their active region keeping free charge carriers away from extended defects.9 For other 
wavelength ranges, in particular for the UV spectral range, LEDs seem to be much more 
sensitive to defects. This is one of the reasons why the efficiency of UV LEDs is more than 
one order of magnitude lower than in the blue and green spectral range.10,11 Low defect 
density platforms are urgently needed to further develop UV LED technology.   
While bulk GaN substrates provide extremely low densities of extended defects12, high cost 
and the lack of large substrate diameters hinder their application in cost-sensitive applications 
like LED manufacturing.13 Due to mismatch in lattice parameters and thermal expansion 
coefficients, foreign substrates inevitably introduce not only extended lattice defects, but also 
strain that leads to significant bowing of the layer-substrate stacks.14 
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In general, the density of extended defects, mainly threading dislocations, and the 
concentration of point defects like impurity complexes or vacancies as well as the built-in 
electric fields are substantially governing the performance limits of GaN based components. 
Requirements for optoelectronic devices, amongst others, are a high radiative recombination 
efficiency, i.e. high internal quantum efficiency, and strong carrier injection into the active 
region. Both may be impaired by a high density of defects, either by current leakage and non-
radiative recombination at threading dislocations or impurity complexes15 or by free carrier 
compensation through defects.16 Beyond this, the strong ionic character of GaN and the lack 
of inversion symmetry of its wurtzite lattice-structure lead to spontaneous and strain-related 
piezoelectric polarization fields in certain crystallographic orientations. Especially the 
mismatch-related strain in the heterostructure inside the active layers of LEDs introduces the 
quantum confined Stark effect which reduces the overlap of electron and hole wave functions 
inside the quantum well at low injection conditions and thus the probability for radiative 
recombination.17 On the other hand, these electric fields may be beneficial like in high 
electron mobility transistors (HEMTs) where they increase the electron concentration in the 
channel.18 However, detrimental phenomena like current collapse and off-state leakage in 
HEMTs have been shown to be closely related to extended defects.19 Therefore, high-quality 
GaN material with either polar, semipolar or nonpolar orientation for high-end electronic and 
optoelectronic devices is urgently needed. 
Here we introduce GaN microfins as a suitable alternative platform for the application in such 
devices regarding the rare occurrence of extended defects as well as the availability of 
nonpolar (and semipolar) crystal planes, which may be capitalized upon in applications such 
as core-shell LEDs or vertical transistors.20,21,22 
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2. Experimental Section 
 
GaN fins have been fabricated by selective area growth on planar SiOx/GaN/sapphire 
templates. The 30 nm thick SiOx mask layer was structured by conventional photolithography. 
The line openings are aligned along the m-direction of the underlying GaN buffer layer in 
order to realize GaN fins with a-plane sidewalls. The mask openings are arranged in different 
patterns with various nominal widths (from 0.5 µm to 2 µm) and pitches (from 1.5 µm to 18 
µm). Accordingly, each pattern is named, e.g. W2 P18 for a nominal opening width of 2 µm 
and an opening pitch of 18 µm. Using metalorganic vapor phase epitaxy (MOVPE) in a 
Thomas Swan close-coupled showerhead reactor with a 3 x 2" susceptor, GaN is selectively 
grown in the line openings of the mask, leading to the development of fin structures. Here, a 
continuous growth mode is used, in contrast to other publications, where a pulsed growth 
mode is applied to achieve vertical growth.23,24 The growth process was optimized in order to 
achieve smooth sidewalls, smooth top surfaces as well as high homogeneity over the fin 
length and fin patterns. This optimized growth process, the 2-temperature-step-growth, was 
reported elsewhere.20 The most important parameter for a successful three-dimensional (3D) 
growth is a low V/III ratio (here namely 77). 
Subsequent to the MOVPE process, the fins are analyzed in a Tescan Mira3 GMH field 
emission scanning electron microscope (SEM). By the help of a customized Gatan MonoCL4 
detection setup and a Kammrath & Weiss C.80 liquid nitrogen cryo-stage, 
cathodoluminescence (CL) measurements are performed at low and room temperature. CL 
spectra are obtained by a CCD parallel detector and corrected for the spectral responsivity of 
the detection system. 
Scanning transmission electron microscopy (STEM) measurements are carried out using a 
JEOL JEM-2100F equipped with a bright-field (BF) and a high-angle annular dark-field 
(HAADF) detector. For the site-specific sample preparation, a JEOL JIB-4501 focused ion 
beam (FIB) device is employed. 
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3. Threading dislocations 
One of the main advantages of 3D nanostructures is the reduced threading dislocation (TD) 
density in comparison to the underlying buffer layer. Several studies state that extended 
dislocations which propagate into the vertical nanostructure tend to bend towards the 
sidewalls during the initial stage of the growth so that the upper part of the 3D structures 
exhibits a strongly reduced dislocation density.25,26 STEM investigations (Figure 1 a) of a fin 
cross-section demonstrate that a few TDs are propagating into the fin and terminating not 
always close to the fin base, but rather at different heights at the sidewall. Some of them are 
even reaching through to the top facet. The TD density of the a-plane sidewall is estimated as 
the number of TD piercing through a certain a-plane surface area divided by the size of this 
area. The measurement is realized by preparing a sample for TEM investigation in a way that 
the a-plane sidewall is thinned from one side of the fin. Thereby, the growth surface of one 
side of the a-plane sidewalls remains undamaged and a TEM observation along the a-plane 
normal is possible. Electron transparency is obtained for a relatively large area of 56 µm2 
(Figure 1b). However, only a single TD is found within this area leading to an estimated TD 
density of 1.8 x 106 cm-2. Although a single measurement does not yield a statistically sound 
result, it provides a rough estimate on the TD density, which is drastically reduced as 
compared to the underlying buffer layer (8 x 108 cm-2). To explain this behavior, several 
studies on dislocation evolution from publications on nanorods are considered, stating that the 
position of the TDs plays an important role. Particularly, in 1953 Eshelby established that 
screw dislocations located off-center at a distance of more than 0.54 of the radius, would bend 
towards the sidewalls as a result of image forces.27 On the contrary, the symmetric forces 
from opposing surface facets of a rod would keep the dislocation in the center along its axis. 
Although the value given of 0.54 would differ for the GaN fins due to their geometry and 
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their piezoelectric properties, the principle explanation is assumed to be transferable. Since 
the mask openings are nominally 2 µm wide, while the final fin width is about 7 µm, the 
majority of the TDs would terminate on the c-plane and only the ones close to the rims would 
bend towards the sidewalls and terminate there, as observed in the TEM results. This results 
in a drastically reduced threading dislocation density in the sidewall planes. 
 
Figure 1. Cross-sectional BF-STEM micrographs of a fin viewing along the [1�100] zone axis 
(a) and perpendicular to an a-plane sidewall along the [112�0] zone axis (b). Dislocations are 
marked with arrows. Only a single dislocation pierces through the a-plane sidewall (see black 
arrow and circle).  
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Due to the size of the fins, as well as the time-consuming sample preparation for TEM, CL is 
additionally used to gain higher statistical relevance of the results. Since dislocations act as 
non-radiative sites, they may be identified by CL as dark spots on the surface where they 
terminate.28,29 The CL analysis is performed on fins from the pattern W2 P18 (grown with the 
2-temperature-step-growth) and under liquid nitrogen temperatures to suppress non-radiative 
carrier recombination and thus enhance the contrast of dislocations. In accordance with TEM 
investigations giving an upper limit for the TD density of 1.6 x 106 cm-2, panchromatic CL 
maps (Figure 2 b) show dislocations terminating on the sidewall with a density of 3 x 105 cm-2 
(with a standard deviation of 2 x 105 cm-2) measured over a total fin sidewall area of 0.014 
mm2. This TD density is three orders of magnitude lower than in the buffer layer (8 x 108 cm-
2) and competitive with bulk GaN substrates grown by HVPE.30 The c-plane CL efficiency of 
the fin cores is extremely poor due to the high concentration of impurities or intrinsic point 
defects in this growth direction and under the employed 3D growth parameters, which will be 
explained in the next section. In order to obtain a contrast in CL maps from this plane, and 
thus identify the TDs, a high-quality GaN shell layer is grown around the fin (shown in Figure 
2 c and d). In contrast to the sidewalls, the top facet exhibits a larger dislocation density (c.f. 
room temperature CL map in Figure 2 d), consistent with the model of dislocation 
propagation introduced above. 
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Figure 2. (a) SE map (5 keV, 30° tilt) of three fins in pattern W2 P18. (b) panchromatic CL 
map of the same region, measured at liquid nitrogen temperature. Dark spots in the CL signal 
are marked with red arrows. Changes in the luminescence on the sidewalls could be related to 
step bunching as a result of imperfect alignment of the mask opening with the crystal’s m-
direction. (c) SE map of two fins covered by a high-quality GaN shell. (d) panchromatic CL 
map of the same region (signal clipped to enhance contrast on the c-plane top facet), 
measured at room temperature. 
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4. Fin Growth Evolution   
A particularly unexpected feature of fin structures is the absence of near band edge (NBE) 
emission from the fin’s top facet. In order to explore the underlying reasons, SEM and CL 
measurements from a cross-section of fins are analysed (cf. e.g. Figure 3). Two substantial 
features can be observed: Firstly, a contrast between the central region of the fin and the rim 
regions is visible in the secondary electron (SE) signal, which points to different charging 
behavior during SEM measurements and thus different conductivity. Secondly, the NBE 
emission occurs almost only in the triangular rim regions close to the sidewalls (CL map in 
Figure 3 b and blue spectrum in Figure 3 c). The central region of the fins shows emission 
mainly in a broad yellow luminescence (YL) defect band around a wavelength of 550 nm, as 
visible in CL maps (not shown here) and CL spectra (orange spectrum in Figure 3 c). 
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Figure 3. (a) SE map (10 keV, 60° tilt) of fins in pattern W2 P12. (b) CL map at 365 nm 
wavelength of the same area. Vertical holes and the assumed growth fronts are marked in red 
in the left and right fin, respectively.31 (c) CL spectra from exciting the outer region (blue) 
and inner region (orange) of a cross-section of a similar fin. 
 
To clarify this behavior and relate the properties of fins to their growth mechanism, an 
experiment introducing marker layers during growth is carried out. In this way, the evolution 
of the growth front during the epitaxy can be visualized at certain times without interrupting 
the growth process.32,33,34 Ten thin marker layers with elevated silicon doping (standard SiH4 
flow during fin growth is 16.5 nmol/min, during marker layer growth it is increased to 715 
nmol/min for 10 s) are introduced. The marker layer parameters are adjusted in a way that on 
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the one hand, its influence on the subsequent 3D growth is minimal and on the other hand, the 
contrast in SE and CL signals is unambiguously detectable. The latter is the reason why the 
influence of the marker layer on the following growth steps can not be avoided completely. It 
was reported before that high silicon doping during 3D GaN growth can lead to enhanced 
vertical growth rates and a passivation of lateral surfaces.35,36,37,38 This passivation effect is 
also detected on GaN fins with marker layers, where no further lateral growth occurs on the 
already grown a-plane sidewalls (Figure 4) and a higher growth rate of the subsequently 
growing a-facet due to an increased supply of growth species above the passivated parts is 
expected. This is the reason why the fins with marker layers do not have smooth a-plane 
sidewalls, but a step-like surface (Figure 4 a) and also exhibit a semipolar growth front. 
Despite this perturbation of the growth process, some conclusions can be drawn from these 
marker-layer fin-like architectures. The highly silicon-doped marker layers are visible in in-
beam-SE maps (Figure 4 b) as well as in CL maps. They exhibit the three main growth 
directions: the polar c-direction {0001}, the semipolar directions (mostly in {112�2}, but not 
exclusively) and the nonpolar {112�0} directions. The distance between marker-layers can be 
used as a measure for the growth rate in the respective direction (arrows in Figure 4 b) but it 
needs to be noted that the growth rates may differ from those in structures grown without 
marker-layers. Since there is no further growth on the a-plane after the marker-layer growth-
step, as discussed above, some species may diffuse along the sidewall and be incorporated on 
the a-plane above the passivated region. Thus, it is assumed that the growth velocity in the 
nonpolar {112�0} directions is enhanced. This growth rate increase could lead to the 
appearance of the semipolar {112�2} facets, which are not visible in most fins grown under 
standard growth conditions without marker layers. In these standard fins, the semipolar facet 
was only detected during the first stages of growth. 
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Figure 4. (a) SE map (5 keV) of the cross-section of a fin-like structure with ten highly doped 
marker layers along the height. (b) Higher magnification in-beam-SE map (5 keV) of the 
cross-section of the same fin-like structure. Colored bandpass CL maps at 365 nm (c) and 550 
nm wavelength (d) of the same magnified region as in (b).31 
 
The relative growth velocities, evaluated based on several in-beam-SE maps of marker layer 
samples, are 1, 3.6 and 5.3 in [112�0], [112�2] and [0001] direction, respectively. Transferring 
these results to the growth of regular fins without highly doped marker-layers, it is assumed 
that no passivation on the sidewalls occurs due to the constantly low SiH4 flow during 
epitaxy. The relative growth velocities in the three directions can be visualized by arrows as 
shown in Figure 5 a. After the first growth step, the growth fronts are drawn in Figure 5 b. 
Since the growth velocity in the nonpolar directions is very slow and a factor of 5.8 to 8 faster 
in polar direction (cf. right fin in Figure 3: In the lower part of the fin, where the diffusing 
species from the adjacent SiOx mask are incorporated on a still small a-facet, this ratio is 5.8, 
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whereas in the upper part of the fin, where the influence of the masked area is less distinct, the 
ratio is 8), the semipolar planes do not develop at all, as shown schematically by the results 
from the Wulff construction39 in Figure 5 b and c. Only nonpolar and polar planes would 
determine the final shape of the fin (Figure 5 c and d). This is exactly what is found for 
standard fin growth20, where the semipolar facet appears only in the initial stages of growth. 
Thus, the growth model with the relative growth velocities, derived from the marker-layer 
experiments, can be assumed to pertain for the MOVPE conditions applied here.  
 
Figure 5. Model of SAG of fins with the relative growth velocities estimated from marker-
layer growth experiments: (a) Mask opening with growth starting at the rim, evolving planes 
after short (b) and long (c) growth time, and (d) resulting transition between inner region and 
outer triangular regions.31 
 
 
5. Impurities   
Analyzing the fin-like structures grown with marker-layers by CL, mainly GaN grown in the 
polar direction shows a defect-related YL around 550 nm, as visible in Figure 4 d. However, 
GaN grown in the semipolar directions does not show intensive YL, but mainly NBE 
emission at 365 nm (Figure 4 c). GaN grown in the nonpolar directions also shows mainly 
NBE emission and a slightly higher YL.  
grown 
in non-
polar 
 direction
grown 
in polar 
direction
a) b)
c) d)
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Transferring these findings to the growth without marker-layers reveals two regions in the 
core of most fins: the inner region grown in polar direction and the outer region grown in 
nonpolar direction (Figure 5 d). As already discussed in section 4, the inner region shows low 
CL dominated by YL while the outer regions with a triangular shape in the cross-section 
exhibit intense NBE emission. This is observed for fins grown under standard conditions, as 
e.g. with the 2-temperature-step-growth (not shown here).20 
In general, a YL band is not unexpected in 3D structures since their growth conditions favor 
the incorporation of point defects and impurities by the low V/III ratio during epitaxy required 
for high aspect ratios. The incorporation may additionally depend on the orientation of 
growth. Cruz et al. analyzed this for the most interesting impurities and dopants in MOVPE 
grown GaN on differently oriented substrates.40 By using low V/III ratio, i.e. similar to fin 
epitaxy, they found more than one order of magnitude more carbon in [0001] grown GaN 
than in layers grown in [112�0] direction, whereas oxygen and silicon are more or less 
isotropically incorporated. However, it was reported that silicon incorporation is reciprocally 
proportional to the GaN growth rate.41 Thus, we expect a higher silicon concentration in the 
triangular side regions due to the slower growth rate in a-direction and a higher carbon 
content in the central part of the fins' cross-section due to growth in c-direction and low V/III 
ratio. The higher carbon concentration leads to an increased YL intensity42 which would 
explain the contrast in YL CL maps as in Figure 4 d. Additionally, the central fin regions 
grown in c-direction exhibit more charging effects during scanning with the electron beam 
compared to the outer regions (see top facets of fins in Figure 3 a). Electrical characterization 
by a probe tip contacting along the cross-section of a fin reveals that this charging contrast in 
SE maps corresponds to an abrupt transition in electrical conductivity rather than to an 
insulating interface. This also agrees to the reduced silicon and increased carbon 
incorporation, which could correspond to compensation of background n-type conductivity by 
a high carbon concentration.16 Only around vertical holes in the inner region of fins, as 
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marked by red ovals in Figure 3 a and b, less charging and higher NBE are detected. This is 
consistent with the model, since it is found by the marker-layer based fin-like structures that 
material around vertical holes is mainly grown in the semipolar direction and would thus 
incorporate less intrinsic defects or carbon impurities and would be better conductive.  
Our hypothesis that different concentrations of silicon and carbon impurities are incorporated 
due to the extremely low V/III ratio needed for continuous-mode selective area epitaxy needs 
to be further corroborated. For this reason, secondary ion mass spectroscopy (SIMS) is 
employed to measure the distributions of silicon and gallium across a GaN fin detached from 
its growth template and placed on a foreign substrate with the a-plane sidewall facing 
upwards. In order not to interfere with the measurement, a germanium substrate is chosen. 
The acquired depth profiles of gallium and silicon, the latter scaled to atomic concentration in 
GaN, are depicted in Figure 6 with a schematic of where they were acquired on the fin 
(hatched area). While the gallium signal yields an indication to scale the ablation crater in the 
GaN fin, the Si signal shows two clearly different regions, which, according to our previously 
introduced growth model, can be attributed to material grown in nonpolar or polar direction. 
The initially probed region grown in the nonpolar a-direction is found to incorporate a higher 
concentration of silicon, 2 x 1019 cm-3, as opposed to the material grown in polar c-direction 
with a concentration of 3 x 1018 cm-3. The lower slope of the Si increase at the backside of the 
lying fin (starting at approx. 2 µm etching depth) could probably be explained by a rougher 
bottom of the etching crater and thus a blurred transition from polar grown to nonpolar grown 
material (which is also reflected by the slope of the Ga signal). Interestingly, the ratio of 6.7 
between silicon concentrations in material grown in a- and c-directions roughly corresponds 
to the inverse ratio of growth rates of 5.8 to 8, as explained in section 4. Hence, it could be 
speculated that, amongst plane-independent incorporation efficiencies of silicon40, a lower 
GaN growth rate leads to a higher silicon concentration.41 
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Figure 6. SIMS depth profile of gallium and silicon of a detached GaN fin placed on a 
germanium substrate with its a-plane sidewall facing upwards. The examined region of the fin 
is depicted in the accompanying schematic. 
 
Since SIMS only provides information on the concentration of atoms present in a sample and 
not about the electrical activity of dopants, the SIMS measurement is contrasted with a local 
measurement of the carrier concentration using scanning capacitance microscopy (SCM) on a 
cleaved fin cross-section. A detailed report on locally resolved carrier concentrations in GaN 
fins correlating SCM and µRaman spectroscopy measurements is currently in preparation. As 
a result, in the outer regions of the fin, which are grown in nonpolar direction, an electron 
concentration comparable to a planar high-quality GaN sample with a silicon concentration of 
(2 ± 1) x 1019 cm-3 is obtained. In the inner part grown in polar direction, however, no free 
carriers above the instrument’s sensitivity of 1 x 1015 cm-3 could be detected. Thus, electrons 
originating from the silicon donors present in this region are heavily trapped. Carbon 
impurities are the most probable cause for carrier compensation in n-doped GaN.16 Alongside 
the observation of strong quenching of NBE emission in favor of a YL band in CL, the 
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occurrence of heavy carrier compensation clearly hints at an excessive carbon incorporation 
in the central region of GaN fins. In contrast to this, an enhanced silicon incorporation in the 
sidewall regions grown with lower growth velocities, e.g. in semipolar or nonpolar direction, 
in conjunction with an apparently much lower impurity incorporation leads to a high 
concentration of free electrons and strong NBE emission in these parts of GaN fins. 
 
Summary 
In this report, the suitability of GaN fins for the application in electronic and optoelectronic 
devices is examined with regard to the behavior of extended defects, i.e. threading 
dislocations, and impurity incorporation leading to compensation of free carriers. 
Transmission electron microscopy and cathodoluminescence mapping at cryogenic 
temperature independently confirm that dislocations penetrating from the buffer into the 
microstructure do not predominantly bend towards the sidewalls, but rather terminate at the 
top facet. The nonpolar fin sidewalls exhibit ultra-low threading dislocation densities in the 
105 cm-2 range, making them competitive with GaN bulk substrates. Furthermore, the 
incorporation of point defects into GaN fins is examined by cathodoluminescence, local 
electrical contacting inside a scanning electron microscope and a combination of secondary 
ion mass spectroscopy and a local measurement of the free carrier concentration using 
scanning capacitance microscopy. The observation of distinctly different regions within the 
cross-section of fins is explained in terms of a growth front model. The central region of the 
fin grows in the polar c-direction, while the sidewall regions are based on growth in nonpolar 
a-direction. Both, the strong quenching of near band edge emission and the occurrence of a 
pronounced yellow luminescence band as well as heavy compensation of free electrons in the 
central region strongly hint to excessive carbon impurity incorporation during selective area 
growth under low V/III ratios and in polar direction. In contrast, the sidewall regions grown in 
nonpolar direction exhibit strong near band edge emission and a high carrier concentration 
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alongside ultra-low threading dislocation density and the absence of spontaneous and 
piezoelectric polarization fields, making fins ideally suited for three-dimensional core-shell 
LEDs or vertical electronics. 
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